ABSTRACT: The weathering of a trachytic pumice within a pyroclastic flow underlying an andic-brown soil on the volcano Vico has been studied. The main mineral formed is a spherical 10 A halloysite which has been shown by SEM and in situ microprobe analysis to have formed directly from the glass. The major mineralogical characteristics as determined by XRD, IR, DTA, TEM and microdiffraction are typical of 10 A halloysite. However, some minor mineralogical properties and the high Fe and K contents, suggest that it is an interstratification of 74% halloysite and 26% illite-smectite. The calculated formula of the hypothetical 2:l minerals reveals an Fe-and K-rich clay, with high tetrahedral substitution, like an Fe-rich vermiculite, but the detailed structure of this mineral remains uncertain.
and microprobe analysis for the major elements. The < 2 pm fraction was separated from the powdered rock after cation exchange with NH,f and dispersion by ultrasonic agitation, and the < 0.2 p n fraction further separated by ultracentrifugation. XRD was performed on the whole powder, on the > 2 pm fraction (wet, and also dehydrated at 100°C) and on the oriented < 2 p n fraction (wet, glycerol solvated, dehydrated at 100°C, and calcined at 470°C). The < 2 prn fraction was also studied by transmission electron microscopy (TEM), infrared spectroscopy (IR), (on the sample wet, and dehydrated at 100°C and 1 SOOC), differential thermal analysis (DTA) and thermo gravimetric analysis (TGA). The <Oe2 pn fraction was examined by TEM. Chemical analysis of the major <.-.elemen& were "Óbtained o ñ tlíe "triacid" extract of the whole weathered pumice powder (ORSTOM Laboratory of Chemistry method), and by microprobe analysis on the < 2 pn fraction. The cation exchange capacity (CEC) of the whole powder was determined at pH 4 and pH 7 by NH, oxalate-oxalic acid extraction (Quantin, 1982) , and allophane and paracrystalline oxides were determined by the NH, oxalate (pH 3, in the dark) method (Parfitt & Henmi, 1982 ).
_ --T H E W E A T H E R I N G C O N D I T I O N S
The ambient climate is near to wet-temperate (Lulli et al., 1988) with an annual rainfall of -1400 mm. The weathering of pumices is due to the slow infiltration of rainwater from the soil through the weakly-permeable matrix of the volcanic tuff. However, there is not any obvious illuviation of humic acids or mineral products from the soil. The soaked white pumices are very weathered and very hydrated (HzO-= 65%) whereas, around the pumices, the cement matrix and the fragments of massive lava remain weakly altered. -This rapid alteration of the pumice is due to its high porosity as well as to the fibrous texture of the glasses. There has not been any alteration prior to pedogenesis as occurred with the "argillified" pyroclastic tuffs of Mt. Sabatini, near Bracciano in Italy (Lenzi & Mattias, 1978) . The poor permeability of the tuff results in a waterlogged environment with very slow vertical drainage. At the base of the soil, the weathered tuff (ref. samples 29C and 29R1, Bidini et al., 1987) has a pH of 7.2, and a CEC of 70 mEq/100 g composed of 40 mEq/100 g Ca2+, 24 mEq/100 g K+ and 4 mEq/100 g Mg*+. However, the weathered pumice under the soil has a pH of 6.2, revealing a slight cation-lixiviation in the pumice itself. i s
R E S U L T S

The grey unaltered pumice
The pumice is composed of hair-like vesicular glass (> 80%) and crystals of sanihine, green augite, biotite and titano-magnetite, as well as a few relics of zeolitized leucite (Table 1 ). The chemical composition is similar to that of an alumina-rich alkaline-potassic trachyte (Alzo3 = 24%, K 2 0 = 7*1%, NazO = 2.6%) poor in Fe, Ti, Mg and Ca (Table 2) .
The white weathered pumice
In situ observations. When examined by optical microscopy, the pumice is seen to retain its original fibrous vesicular texture, even in the completely weathered white cortex (Fig. 3a) . (1) Whole pumice, by fusion method; (2) by microprobe: a-windows at the surface of fibres, and b-spots on single particles; (3) whole white pumice, by "Tri-acid extraction"; (4) < 2 pm powder, by microprobe.
I I
Phenocrysts of sanidine, augite, biotite and magnetite remain unaltered and some very small opaque crystals of magnetite can be seen along the fibres. There is no product of illuviation. The fibrous texture can also be seen by SEM in its original form in the core as well as in the cortex (Fig. 3b) , but the glass surface looks more granular in the white cortex than in the grey core (Fig. 3c) . At higher magnification, the completely weathered glass shows sub-angular or rounded grains on the surface (Fig. 3c ) and a parallel stacking of small plates -1 pm in size (Fig. 3d) , which seem (to be a clay weathering product of the glass.
Microprobe anqlyses were made in situ on the glass surface and on the fibrous section on the scale of a single grain (1 pm2). The average values of the analyses on the glass surface show a chemical evolution from the core to the cortex ( Table 2 ). This progression results from the variation of molecular Si02/A1203 and Si02/R203 ratios from 2.8 to 2.2, and from 2.6 to 2.0, respectively. Comparison with the unaltered pumice shows a decrease in Si, Mg, Ca, K and Na, and a large increase in the more stable elements such as Al, Fe and Ti. However, the decrease in Si seems small, and the K content remains considerable (1.7-1-0% K20).
The spot analysis of single grains in the section of completely altered fibres shows an almost constant chemical composition (Table 2) , namely, mol. Si02/A1203 = 2.2, mol. Si02/R203 = 2.0, K 2 0 = 1-7%, Fe,O, = 7%, Tio, = 0.8%, MgO = 0.3% and C a 0 = 0.6%. This composition is constant at the grain scale (1 pm?) as well as on small homogeneous surfaces (2: 200 pm2 area). This rules out the possibility of a mixture of clay minerals and some relics of primary minerals (> 1 pm in size).
Analysis of the weathering products. The weathered pumice is composed mainly of a wellcrystallized 10 A halloysite, the very intense and sharp peak at 10 A collapsing to 7.15 8, after dehydration ai 100°C (Fig. 4) . Residual primary minerals are more obvious on the XRD trace of the > 2 pm fraction and include biotite, sanidine, augite and zeolites (phillipsite peak at 5.6 8,). These minerals, as well as titano-magnetite, have also been identified by optical microscopy and microprobe analysis. The XRD traces of the < 2 ,um fraction ( Fig. 5 ) are typical of a well-crystallized, hydrated halloysite with peaks at 10-0, 4.45, 3.34 and 2.555 8, when wet, 7-5-7.Yand 3.56 8, after dehydration at lOO"C, and 10.6 and 3.65 8, after glycerol solvation (Fig. 5) . Furthermore, the peak at 7 8, disappears after calcination at 470°C. Very weak reflections are apparent near 10, 12 and 14 8, after dehydration at lOO"C, there is some swelling to 16 and 20 8, after glycerol solvation, and some weak reflections persist near 10.2, 4.49, 3.34 and 2-44 8, after dehydroxylation of the halloysite at 470°C. It seems, therefore, that there is some expandable 10-14 8, clay mineral which could be an irregular interstratified mineral of illite-smectite type. There is no clear evidence for the presence of iron oxide or any other mineral.
Ht Halloysite H a l l o p i t e
Ml Mica
Sa
The IR spectrum of the < 2 ,um fraction (Fig. 6 ) is consistent with hydrated halloysite, particularly the bands of OH vibrations near 3700 and 3620 cm-l. However a broad band between 3600 and 3150 cm-l is still present after dehydration at 180°C (Fig. 6b) and could be related to the OH vibration of a 2 :I clay mineral. A small sharp band at 1400 cm-I could indicate NHZ adsorption by the clay (Bartoli, personal communication). In addition, a weak shoulder near 880 cm-l on the 910 cm-1 band of halloysite is related to the stretching vibration of OH linked to the octahedral Fe(II1)-Al couple in Fe-rich smectites (Farmer, , 1984) . TEM reveals many spherical shapes of halloysite with diameter 10-100 nm (Fig. 7a,b) .
crumpled or sorhewhat rolled, lamellar clays ( Fig. 7d) , which look like beidellite or could be an interstratified halloysite-hisingerite mineral (Quantin er al., 1984) or an Fe-rich halloysite (Tazaki, 1982) . There are a few broken flakes of mica due to the disintegration of biotite during the clay extraction. In addition, some very small opaque discs (diameter 1-10 nm) can be observed around or inside some spherical halloysite (Fig. 7c, d (Fig. 8) is typical of that for a hydrated halloysite, with two endothermic reactions at 135 and 515"C, as well as a sharp exothermic peak at 865°C. Compared to the curve for a well crystallized kaolinite (Macon, Georgia), there is an increase in the 135°C peak (dehydration), the dehydroxylation peak occurs at 515°C rather than 560"C, and the exothermic peak occurs at 865°C rather than 920°C. However, the curve for the whole altered pumice shows very weak endothermic reactions near 580", 675", 820" and 850"C, which could indicate the presence of a little biotite (as observed in the > 2 pm fraction) and smectite. From TGA (Fig. 9) , the weight loss of the < 2 pm hydrated clay from 25" to 1025°C is 22.31% composed of 12.31% HzO-from 25°C to 250°C (8.46% from 25" to 105"C, and 3.85% from 105" to 250"C), and 10.00% HzO+. In fact, the weight loss due to dehydroxylation amounts to 11.40% relative to anhydrous clay (at 250"C), which compared to 13.7%, the theoretical weight loss of anhydrous kaolinite (Caillere & Henin, 1963) , means there could only be 83.2% kaolinite in the saplple studied. But if we consider a mixture of 1 :1 and 2 :1 clay minerals, as suggested by DTA', the proportion of the two components can be calculated on the basis of a theoretical weight loss of 5% (anhydrous clay at 250°C) for the 2 :I clay mineral, resulting in -74% kaolinite and 26% 2 : 1 clay mineral.
The smallest areprobably transitional between allophane and halloysite. There are also some The "triacid" extract of the whole material includes the whole weathering product as well as Ti-magnetite and zeolites, but not the other primary minerals which are insoluble. The analyses ( I microprobe analysis on the glass surface, in the completely weathered cortex. The microprobe analysis of the < 2 pm fraction is similar to those on the pumice at the window scale (200 pm2) as well as on a spot (1 pm2) except that the K 2 0 content is lower, 1% instead of 1.7%. This is probably due to K+ exchange by NH$ during the clay pretreatment. The molecular ratios Si02/A1203 (2.2) and Si02/R203 (2.0) are also similar. The CEC of the whole weathering product is 65-6 mEq/100 g at pH 7 and 58-8 mEq/100 g at pH 4. The content of exchangeable cations is 29.31 mEq/100g K+, 17.62 mEq/100g Ca2+, 5.07 mEq/100 g Na+ and 4-63 mEq/100 g Mg2+ (based on the clay content at 105°C). The base saturation ratio is 86.4% at pH 7 and 96.3% at pH 4 indicating that the permanent CEC of the clay is -58 mEq/lOO g. The pH of 6.2 confirms a slight cation lixiviation in the weathered pumice. The NHA oxalate extraction gave the following results, in % clay content (at 105°C) :
SiO, = 0.22, Alzo3 = 0.75, Fe203 = 0.12, K 2 0 = 1.27, MgO = 0.11, C a 0 = 0.01. These data indicate that only traces of allophane and paracrystalline Al, Fe oxides are present. The allophane content could be either 0.72% on the basis of the imogolite formula (%/Al = 05), or 0.47% on the basis of the kaolinite formula (%/A1 = I), the corresponding free Al oxide content being 0.37% and 0.56%, respectively. The large amount of oxalate extractable K is almost equivalent to the exchangeable K+.
I N T E R P R E T A T I O N
In situ observation of the weathering process
Microscopy shows that weathering is progressive from the cortex to the core of the pumice, and from the surface to the centre of the glass fibres. The weathering process is so rapid that phenocrysts of augite, biotite, sanidine and magnetite remain intact but the glass is transformed without change in the fibrous texture into the clay weathering product which forms small grains -1 pm in size.
The in situ microprobe analysis (Table 2 ) reveals a classical process of weathering. The semi-altered core of the pumice contains more Si and Ky and less Al, Fe and Ti than the completely altered white cortex. The chemical composition in the cortex has reached an almost constant limit at the scale of each elementary grain (diameter N 1 pm). This shows that there is a high lixiviation of bases, and to a lesser extent of silica, out of the glass and a proportional concentration of metal oxides in the glass. However, the concentration is greater for Fe and Ti than for Al oxides, suggesting some leaching of Al. Fe and Ti oxides remain in pumice (14:1, by microprobe analysis), indicating that Ti could also be located in the silicates. The nearly white colour of the weathering product, although it contains 7% Feto3 and a very small amount of oxalate extractable Fe, shows that only a trace of Feoxyhydroxide was formed. The molecular ratios of SiOz/Al2O3 = 2.2 and Si02/R203 = 2.0 suggest that the white weathering product is an Fe-rich aluminosilicate. Sodium is the most lixiviated of all the basic elements, but an important amount of Ca, Mg and especially K remains, probably retained by clay minerals. t the same ratio, about 7 :I but this ratio is half that in the Ti-magnetite crystals in the same .I
. I
Determination of the composition of the weathering product
The mineralogy of the < 2 ,um fraction has shown that a spherical 10 8, halloysite is the principal constituent. The clay contains -7% FezO3, 1% Tio2 and at least 1% K 2 0 (anhydrous weight) and microprobe analysis indicates that it is homogeneous. From the SiO2/AI2O3 and Si02/R203 ratios (2.2 and 2.0) it should be considered as an Fe-rich halloysite. Such an interpretation was proposed for similar clays by Kunze & Bradley (1964) and Weaver & Pollard (1973) , and for a ferri-halloysite from Italy by Bonatti & Galitelli (1950) and Wada & Mizota (1982). However, for a similar "white iron-rich halloysite" (Quantin et al., 1984) an interstratified halloysite-hisingerite mineral was postulated in order to take account of some mineralogical and physico-chemical properties of this clay. Delvaux et al. (1987) refer to this hypothesis for Fe-rich halloysite in soils derived from basaltic ash in the Cameroons.
Some minor peculiarities in the mineralogical properties of the clay show that it is not a pure dioctahedral 1 :I mineral. The XRD traces (Fig. 5) clearly showed a small amount of an expandable mineral with a high K content which could be an illite-smectite. Very weak TEM microdiffraction effects near 4.6,2.74 and 2.54 8, confirm this interpretation, and in addition provide evidence for the presence of such a mineral in the spherical habit of halloysite. IR spectroscopy, showing the persistence at 180°C of a broad band between 3450 and 3600 cm-' and the shoulder near 880 cm-I on the 910 cm-' band of halloysite, suggests the presence of a poorly crystallized Fe-rich 2 :1 clay mineral. From TGA, a theoretical mixture of -74% halloysite and 26% 2 :1 clay mineral is indicated, enabling calculation of the approximate chemical composition of the hypothetical 2 : 1 clay mineral, assuming that the allophane content is < 1%.
The problem is whether there is a mixture of discrete phases or an interstratification of the clays. Several data point to an irregular interstratification of halloysite and illite-smectite : (i) the XRD patte&ms (Fig. 5a', Neverthelesi; the presence of some crumpled lamellar clays, like beidellite forms, as well as very few mica particles, could point to a mixture, but some Fe-rich halloysites have a similar crumpled lamellar shape (Tazaki, 1982; Quantin et al., 1984) . In addition, Tazaki (1982) , showed by in situ STEM analysis of several forms of halloysite of various origins that the lamellar forms, as well as the spherical ones, are often rich in Fe and silica. Churchman & Theng (1984) confirmed that non-tubular forms of halloysite are rich in Fe. The high contents of Fe and Ti could be explained by the presence of very fine particles of surface or between the bands of spherical clay particles. The Fe203/Ti02 ratio of the whole clay is twice as low as in Ti-magnetite and so some of the Fe and Ti oxides could be present in the 2 : 1 clay structure, as is the case for some illites and illites-smectites (Weaver & Pollard, 1973) . (1987) observed in thin section the successive formation in close proximity to each other (0.1-0-2 pm) of Fe-rich illite and spherical halloysite from the weathering of rhyolitic glass in sea water. This could suggest a process for the formation of the Fe-rich halloysite and indeed, this kind of clay occurs at an early stage in the weathering of volcanic glasswhen the environment is rich in silica, bases, Fe and, possibly, Ti (Tazaki, 1982; Wada & Mizota, 1982; Wada & Kakuto, 1985; Quantin et al., 1984; Quantin & Rambaud, 1987) . Thomassin et al. (1985) showed the direct formation of Fe-rich smectites at ."
and 2 : 1 clay minerals, but there are some interferences between the reflections of the two Ti-magnetite. Some small (diameter 2: IO-' nm) opaque discs were detected by TEM at the the expense of basaltic glass, as a result of the in situ concentration of Fe and Ti, and Shayan (1984) observed a spherical form of hisingerite derived from the weathering of basalt. Quantin (1985) and Quantin & Rambaud (1987) , showed the formation of Fe-rich allophane or hisingerite during the first stage of weathering of basaltic ash in an environment very rich in bases and silica, followed by a transition to an Fe-rich spherical halloysite. In addition, Delvaux et al. (1987) observed that similar clays show a selective K+ adsorption, which can be explained by the interstratification of some smectite in the spherical halloysite. This could be similar to the halloysitic clay studied as it is derived from a trachytic glass, very rich i n K .
. The preceding data lead us to suggest the hypothesis of an irregular interstratification of halloysite and illite-smectite, in the proportion of -74% theoretical halloysite, and 26% 2 :I clay. The approximate composition of the unknown 2 : 1 clay can be calculated from the whole composition of an elementary grain of clay (in situ microprobe analysis, Table 2 ), by subtracting the equivalent proportion of SiO2 and Alzo3 for 74% of theoretical halloysite, and some impurities (Tio2 and Fe203 in ilmenite, C a 0 and P205 in apatite, and SO3). This formula is hypothetical and represents an Fe-rich dioctahedral2 :1 clay mineral, with a high negative charge of tetrahedral origin, and so is related to vermiculites rather than smectites. This hypothetical result is analogous to the previous interpretation of the Fe-rich white "halloysite" from Vate (Quantin et al., 1984) . The high tetrahedral charges balance the sum of exchangeable cations fairly well. The high K+ content originates from the weathering of the trachytic glass. But the real structure of this ferriferous 2 :1 clay has not been solved. Is it an Fe-rich illite-vermiculite? How can this mineral be associated with halloysite in the same spherical habit? More detailed study is required.
C O N C L U S I O N S
The weathering of trachytic pumice can directly produce 10 A halloysite in the waterlogged environment of pyroclastic tuff. Glass is replaced by clay without change in the original fibrous texture, and the in situ clay composition is almost homogeneous on the scale of an elementary grain (1 pm3). The white halloysitic clay is mostly spherical, is rich in Fe and K, and its chemical and mineralogical properties suggest that it is an interstratification of -74% halloysite and 26% 2:1 clay mineral, the content of allophane and non-crystalline oxides being 1% at most. The calculated formula of the hypothetical 2:l clay shows that it is a very ferriferous mineral, with high tetrahedral substitution and high K content suggesting that it is more related to vermiculite than to beidellite. Consequently the complex halloysitic clay could be an interstratification of halloysite with an Fe-rich illite-vermiculite mineral, but this hypothesis needs to be verified by the in situ study of spherical forms of the clay.
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